Pauli blocking and medium effects in nucleon knockout reactions 
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We study medium modifications of the nucleon-nucleon (NN) cross sections and their influence on 
the nucleon knockout reactions. Using the eikonal approximation, we compare the results obtained 
with free NN cross sections with those obtained with a purely geometrical treatment of Pauli- 
blocking and with NN obtained with more elaborated Dirac-Bruecker methods. The medium effects 
are parametrized in terms of the baryon density. We focus on symmetric nuclear matter, although the 
geometrical Pauli-blocking also allows for the treatment of asymmetric nuclear matter. It is shown 
that medium effects can change the nucleon knockout cross sections and momentum distributions 
up to 10% in the energy range Eiab = 50 — 300 MeV/nucleon. The effect is more evident in reactions 
involving halo nuclei. 

PACS numbers: 25.60.Gc,21.65.-f 



I. INTRODUCTION 

Nuclear structure calculations are now able to repro- 
duce the measured masses, charge radii and low- lying 
excited states of a large number of nuclei. For very ex- 
otic nuclei, the small additional stability that comes with 
the filling of a particular orbital can have profound effects 
upon their existence as bound systems, their lifetime and 
structure. The determination of the ordering, spacing 
and the occupancy of orbitals is therefore essential in as- 
sessing how exotic nuclei evolve in the presence of large 
neutron or proton excess and to what extent theories 
have predictive power. Such spectroscopy of the single- 
particle structure in short-lived nuclei typically uses di- 
rect nuclear reactions. 

Nucleon knockout reactions at intermediate energies 
have become a well-established and quantitative tool for 
studying the location and occupancy of single-particle 
states and correlation effects in the nuclear many-body 
system, as discussed in Refs. [THS]. In a peripheral, 
sudden collision of the fast-moving projectile, a sin- 
gle nucleon is removed from the projectile, producing 
projectile-like residues in the exit channel [3]. Referred 
to the center-of-mass system of the projectile, the trans- 
ferred momentum is kc. In the sudden approximation 
and for the knockout reaction, this must equal the mo- 
mentum of the struck nucleon before the collision. The 
measured partial cross-sections to individual final levels 
provide spectroscopic factors for the individual angular- 
momentum components j. In complete analogy to the 
use of angular distributions in transfer reactions, the or- 
bital angular momentum I is in the knockout reactions 
revealed by the distributions of the quantity kc. 

Extensions of the nucleon knockout formalism in- 
cludind the treatment of final-state interactions were dis- 
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cussed in Ref. where one has shown that Coulomb 
final-state interactions are of relevance. They can be 
done by just adding the Coulomb phase = 0jv + 0c 
in the eikonal phase as described . Inclusion of higer- 
order effects [71 [5] and a theory for two-nucleon knockout 
[HHTT] has been developed. Knockout reactions repre- 
sent a particular case for which higher projectiles ener- 
gies allow a simpler theoretical treatment of the reaction 
mechanism, due to the simplicity of the eikonal scattering 
waves and the assumption of a single-step process. 

A question of interest is the anti-symmetrization of 
the full projectile-target scattering wavefunction. At in- 
termediate energies (~ 100 MeV/nucleon), this effect is 
usually neglected. In the Glauber formalism of knockout 
reactions the scattering waves are calculated from an op- 
tical potential based on nucleon-nucleon scattering cross 
sections. A rough treatment of anti-symmetrization is 
obtained by the manifestation of medium modification 
of the nucleon-nucleon cross section. Knowledge of the 
medium modification of the nucleon-nucleon (NN) cross 
section is necessary for an adequate numerical modelling 
of heavy-ion collision dynamics in central collisions (see, 
e.g. Ref. [12] and refs. therein). In these collisions, the 
ultimate purpose is to extract information about the nu- 
clear equation of state (EOS) by studying global collec- 
tive variables describing the collision process. In direct 
reactions, such as knockout reactions, the medium effects 
on the NN cross sections are much smaller because mostly 
low nuclear densities are probed. The goal in this work 
is to identify if medium modifications of NN scattering 
modify appreciably the cross sections in knockout reac- 
tions. A systematic study of this effect in the literature 
is still lacking and is the focal point of this article. 

Medium modifications of NN cross sections are usually 
treated within the Brueckner-Hartree-Fock (BHF) the- 
ory, where the G-matrix serves as the in-medium scat- 
tering amplitude, with medium effects being introduced 
through the self-consistent nuclear mean field and Pauli 
blocking. The literature in this subject is very long, see 
e.g., Refs. [T3HIS]- In addition to being a fundamental in- 



2 



put for nuclear reactions at high energies, the in- medium 
cross sections provide an immediate connection with the 
nucleon mean free path, A, one of the most fundamen- 
tal quantities characterizing the propagation of nucleons 
through matter. In turn, A enters the calculation of the 
nuclear transparency function where the later is related 
to the total reaction cross section, aj^, oi a nucleus [V7\ . 

In this work we include medium effects of the NN cross 
section in knockout reactions with a simple geometrical 
treatment of Pauli-blocking and also with more elabo- 
rated Dirac-Brueckner results in terms of baryon densi- 
ties. We focus specifically on symmetric nuclear matter. 
We calculate knockout cross sections and momentum dis- 
tributions for selected reactions. After the introductory 
remarks in this section, in Section II we describe the for- 
malism used in our calculations. Section III contains our 
numerical results. We conclude in Section IV with our 
summary. 



II. KNOCKOUT REACTIONS 
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A. Medium modification of nucleon-nucleon cross 
sections 

The free (total) nucleon-nucleon cross sections were 
taken from the Particle Data Group |18j. For our prac- 
tical purposes, we have developed new fits for the free 
nucleon-nucleon cross sections, separated in three energy 
intervals, by means of the expressions 



= < 



19.6 + i253/E ~ 375/ VE + 3.86 x IQ-'^E 
(for E < 280 MeV) 

32.7 - 5.52 X 10-2^; + 3.53 x IQ-'^E^ 
-2.97 X 10-^"E-^ 
(for 280 MeV < £; < 840 MeV) 

50.9 - 3.8 X IQ-^E + 2.78 x IQ-'^E^ 
+1.92 X lO^^^E'^ 
(for 840 MeV <E <5 GeV) 



for proton-proton collisions, and 



(1) 



89.4 - 2025/V-B + 19108/£; - A3535/E^ 
(for E < 300 MeV) 

14.2 -I- 5436/E + 3.72 x 10-^^;^ - 7.55 x IQ-^E^ 
(for 300 MeV < E < 700 MeV) 

33.9 + 6.1 X 10-^E - 1.55 x 10-^E^ 
+1.3 X 10-^°E^ 
(for 700 MeV <E<5 GeV) 

(2) 

for proton-neutron collisions. E is the projectile labora- 
tory energy. The coefficients in the above equations have 
been obtained by a least square fit to the nucleon-nucleon 
cross section experimental data over a variety of energies. 



FIG. 1: (Color online) Least square fit (solid cur ves) to the 
nucleon-nucleon cross section described by Eqs. ( |1|2[ ). The 
experimental data are from Ref. [18j . 



ranging from 10 MeV to 5 GeV. In figure [T] these fits are 
represented by a solid line whereas the filled circles are 
the experimental data from ref. |18| . 

Most practical studies of medium corrections of 
nucleon-nucleon scattering are done by considering the 
effective two-nucleon interaction in infinite nuclear mat- 
ter, or G-matrix, as a solution of the Bethe-Goldstone 
equation [T^ 

(k|G(P,pi,p2)|ko) = (k|v^jv|ko) 
f d?k' (k|vjvjv|kOQ(k',P,pi,p2)(k^|G(P,pi,p2)|ko) 
J (2^)3 E(V,\<i')~Eo^ie 

(3) 

with ko, k, and k' the initial, final, and intermediate 
relative momenta of the NN pair, k = (ki — k2)/2 and 
P = (ki -|- k2)/2. If energy and momentum is conserved 
in the binary collision, P is conserved in magnitude and 
direction, and the magnitude of k is also conserved, ymn 
is the nucleon-nucleon potential. E is the energy of the 
two-nucleon system, and E^ is the same quantity on-shell. 
Thus £;(P, k) = e(P + k) + e(P - k), with e the single- 
particle energy in nuclear matter. It is also implicit in 
Eq. ([3]) that the final momenta k of the NN-pair also lie 
outside the range of occupied states. 

Eq. ^ is density-dependent due to the presence of the 
Pauli projection operator Q, defined by 



Q(k,P,pi,P2) 



1, if ki,2 > fcFl,F2 

0, otherwise. 



(4) 



with ki 2 the magnitude of the momenta of each nucleon. 
Q prevents scattering into occupied intermediate states. 
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FIG. 2: Parametrizations of proton-neutron cross sections as 
a function of the laboratory energy. The sohd line is the 
parametrizarion of the free ap„ cross section given by Eq. 
([2|. The other curves include medium effects for symmetric 
nuclear matter for p = po/4, where po = 0.17 fm~^. The 
dashed curve includes the geometrical effects of Pauli block- 
ing, as described by Eq. (14 1. The dashed-dotted curve is 
the result of the Brueckner theory, Eq. (151, and the dotted 



curve is the phenomenological parametrization, Eq. ( 16 1 



The Fermi momenta kpi p2 are related to the proton and 
neutron densities by means of the zero temperature den- 
sity approximation, kpi — {3t:^ pi)^^^ . For finite nuclei, 
one usually replaces pi by the local densities to obtain 
the local Fermi momenta. This is obviously a rough ap- 
proximation, but very practical and extensively used in 
the literature. 

Only by means of several approximations, Eq. (|3| can 
be related to nucleon-nucleon cross sections. If one ne- 
glects the medium modifications of the nucleon-mass, and 
scattering through intermediate states, the medium mod- 
ification of the NN cross sections can be accounted for by 
the geometrical factor Q only, i.e. 



CTNNik, pi, P2) 



da 



free 
NN 



Q{k,p,pi,p2)dn, (5) 



where Q is now a simplified geometrical condition on the 
available scattering angles for the scattering of the NN- 
pair to unoccupied final states. 

A usual approximation for the Pauli blocking is to as- 
sume that the effect of the Q operator is equivalent to 
a restricted angular integration in the domain (for sym- 
metric nuclear matter) 



k'p 



P'^-k^ 



2Pk 



< cos 6* < 



p2 + fc2 



Kp 



2Pk 



(6) 



FIG. 3: Same as in figure [2j but for pp collisions. 



The integral in Eq. ([s]) becomes zero if the upper limit 
is negative (as determined by the condition in Eq. ([4|), 
whereas the full integration range is used if the upper 
limit is greater than 1. (Notice that the average angle 
9 in Eq. (|6|, namely the angle between the directions 
of k and P, is also the colatitude of k in a coordinate 
system where the z-axis is along P and, thus, in such a 
reference frame it coincides with the scattering angle to 
be integrated over in Eq. ([5|). The method of using Eqs. 
([5]) and ([g]), is not correct and misses an important part 
of the Pauli blocking geometry, as we show next. 

A geometric description of the Pauli operator Q was 
first studied by Clementel and Villi [5^ who obtained an 
analytical expression for the scattering of a nucleon on 
a nucleon Fermi gas. By using the local density approx- 
imation, their work have been widely used to describe 
Pauli-blocking in nucleon-nucleus scattering. Much later, 
in Ref. [2]Q (see also Appendix C of Ref. [IT]), an expres- 
sion was obtained for the geometrical Q operator for nu- 
cleon scattering in asymmetric nuclear matter, involving 
two Fermi momentum spheres, one for the proton and an- 
other for the neutron. In contrast to Eq. ([s]) , the expres- 
sion obtained in Ref. [5T] allows for NN-scattering with 
the relative momentum vector lying outside the symme- 
try axis of the two Fermi gas system. 

As shown in Refs. [13 EI], the Pauli blocking projec- 
tion yields an average nucleon-nucleon cross section for 
two Fermi gases with relative momenta kg (see figure 30 
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of Ref. [H]) given by 
crNNik,pi,P2) 



(Pkid^k2 



(47r4,/3) (4^^2/3) 



2q free/ \ 



An 



(7) 



where 2q = ki — k2 — ko. 

Pauli-blocking enters through the restriction that the 
magnitude of the final nucleon momenta, |k'i| and |k'2|, 
he outside the Fermi spheres, with radii, kpi and kp2- 
This leads to a limited fraction of the solid angle into 
which the nucleons can scatter, QpauU- It reads 1211 



Pauli 



(8) 



where fia and fif, specify the excluded solid angles for 
each nucleon, and represents the geometric intersection 
of the solid angles fla and fib, 

na = 27r(l - cos 9a) , ftb = 27r(l - cos 0b) , (9) 

where 

cos6ia = (p^ + - fc|i)/2M , 

cos 9b = {p^ + - kl2)/'2pq , 



(10) 



with 2p = ki + k2 + ko. 

For 0. there are two possibilities: 



(1) Cl = n,i9,9a,9b) + n^{7r-9,9a,9b) , 

for 9 + 9a + 9b> n 

(2) Cl = n,i9,9a,9b) , ioT 9 + 6^ + 9b <7: , (11) 
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FIG. 4: Parametrizations of proton-neutron cross sections as 
a function of the nuclear matter density (in units of po = 0.17 
fm~"^). The solid line is the parametrizarion of the free ap„ 
cross section given by Eq. ([2|. The other curves include 
medium effects for symmetric nuclear matter for laboratory 
energy E — 100 MeV. The dashed curve includes the geo- 
metrical effects of Pauli blocking, as described by Eq. ( 14 1 . 



The dashed-dotted curve is the result of the Brueckner the- 



ory, Eq. (15 I, and the dotted curve is the phenomenological 



parametrization, Eq. ( 16 1 



where 9 is given by 
cos 



9={k' 



P 



b^)/2pb, 



where b = k — p. 

The solid angle fti has the following values 



(a) 
(b) 



n. 



, for 9 > 9a + 9b 

2 [COS^^ {jab) + COS~^ {jba) 

' COS 9b — COS 9 COS ( 



COS ( 



COS 



— COS »b COS 

for \9b-9a 



sm f sm a a 

cos 9a — COS 9 COS 9b 

sin 9 sin 9b 



<9 < 



(c) 
id) 

where 

Jjm 



^b 



for 9b <9a, 9< \9b 
for 9a <9b, 9< \9b 



■'a I J 
9a\ , 



cos 9n 



COS 9 cos 9-i 



sin 9j (cos^ 9j 



■ COS^ 9r, 



(12) 



(13) 



2 COS 9 COS 9j cos 9^)^^'^ 



The integrals over ki and k2 in ([t]) reduce to a five-fold 
integral due to cylindrical symmetry. The remaining in- 
tegrals have to be performed numerically. One sees that 



for two Fermi gases the problem is much more compli- 
cated than the one studied in Ref. [ID]- For symmetric 
nuclear matter, i.e. kp = kpi = kp2 the problem is 
still much more complicated than implied by Eq. ([s]), al- 
though many of the terms above simplify because in this 
case 9a=9b^. 

The numerical calculations can be simplified if we as- 
sume that the free nucleon-nucleon cross section enter- 
ing Eq. ([t]) is isotropic. This is another rough approxi- 
mation because the anisotropy of the free NN cross sec- 
tion is markedly manifest at large energies [13l [14] . In 
the isotropic case, we have devised a formula which fits 
the numerical integration in Eq. ([t]) to within 1%. The 
parametrization reads 



(Tnn{E,Pi,P2) = (j{^'^{E)- 



1 



1 + 1.892 



\Pl - P2\ 
PPO 



2.75 



1-51:^, if > 46.27p^/3 



E 



E 



(14) 

if £; < 46.27p2/^ 



231.38p2/3' 

where E is the laboratory energy in MeV, p — (pi 
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FIG. 5: Same as in figure |4j but for proton-proton collisions. 



In figures ( 2 [5 1 we compare the several parametriza- 
tions above and we postpone the discussion of their de- 
tails to section III. 



B. Nucleon knockout reactions 

The momentum distributions of the projectile-like 
residues in one-nucleon knockout are a measure of the 
spatial extent of the wavefunction of the struck nucleon, 
while the cross section for the nucleon removal scales with 
the occupation amplitude, or probability (spectroscopic 
factor), for the given single-particle configuration in the 
projectile ground state. The longitudinal momentum dis- 
tributions are given by (see, e.g., Refs. [51 [^ ) 



— -(C b), 



27r 21 



/ d^P \Sc{bc 
Jo 





oo 



l-\Sn 



dzexp [-i/c^z] V'Zm (r) , 
(17) 



P2)/pq, with pq = 0.17 fm ^. 

The Brueckner method goes beyond a treatment of 
Pauli blocking, generating medium effects from nucleon- 
nucleon potentials such as the Bonn potential. An exam- 
ple is the work presented in Ref . [T31 [H] , where a simple 
parametrization was given, which we will from now on re- 
fer as Brueckner theory. It reads (the misprinted factor 
0.0256 in Ref. [M] has been corrected to 0.00256) 



31.5 -I- 0.092 |20.2-i;°-^3|^'^ 
23.5 0.00256 (18.2 -i;"-^)"^ 



1 + 0.0034£;i-5ip^ 
1 + 21.55/91-34 

I + 0. 1667 E^°^p^ 
1 + 9.704pi-2 
(15) 



A modification of the above parametrization was done 
in Ref. [23], which consisted in combining the free nu- 
cleon nucleon cross sections parametrized in Ref. [23] 
with the Brueckner theory results of Ref. [T31 E] • Their 
parametrization, which tends to reproduce better the 
nucleus-nucleus reactions cross sections, is 

CT„p = [-70.67 - 18.18/3^1 + 25.26/3^2 ^ 113.85/?] 
1 + 20.88^"-"V2-°2 
^ 1 + 35.86pi-9 
app = [13.73 - 15.04/?-! + 8.76^"^ _^ 68.67/3*] 

1 + 7.772£;"-"V'-^' 



1 + 18.01pi-46 



(16) 



where /3 = ^1 - I/72 and 7 = £:[MeV]/931.5 + 1. 
We will denote Eq. ( 16 ) as the phenomenological 
parametrization. 



where kz represents the longitudinal component of kc 
(final momentum of the core of the projectile nucleus) 
and {C'^S) is the spectroscopic factor, and ipim (r) is the 
wavefunction of the core plus (valence) nucleon system 
(c + n) in a state with single-particle angular momentum 
l,m. In this equation, r = (p, z, (/>) = r„ — r^, so that 



be =\p- b„| = + ^1 - 2p b„ 



'2 sin^ 6 + bl —2r sin 6 6„ cos ( 



(18) 



5*^(6) are the S'-matrices for core-target and nucleon- 
target scattering obtained from the nuclear ground-state 
densities and the nucleon-nucleon cross sections by the 
relation [57] S{b) = exp [i(j){b)], with 



On 



(b) 



An 



dq q Pp (g) Pt (q) Jq (qb) 



(19) 



where pp^t (9) is the Fourier transform of the nuclear den- 
sity of the projectile (nucleon or core) and the target 
nucleus, and (Tatat is the nucleon-nucleon total cross sec- 
tion. One needs to add the Coulomb phase to the nuclear 
eikonal phase of Eq. ( 19 1. This is done by using a sharp- 



cutoff expression for the Coulomb phase, as explained in 

Refs. [sms]. 

|2 



The first term inside the integrals in Eq. ( 17 ) , 1 — | S 



represents the probability for the knockout of the nucleon 
from its location at &„, whereas the second integral car- 
ries the term | S'c P which is the probability of core survival 
at impact parameter be- These results arise naturally by 
using eikonal scattering waves |27j . For the transverse 
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FIG. 
halo 



6: Total knockout cross sections for removing the I = 
neutron of ^^C, bound by 1.218 MeV, in the reaction 



^Be(i^C,"C9s). The solid curve is obtained with the use 
of free nucleon-nucleon cross sections. The dashed curve in- 
cludes the geometrical effects of Pauli blocking, as described 
by Eq. ( 14 1 . The dashed-dotted curve is the result using 
the Brueckner theory, Eq. ( 15 1 and the do tted curve is the 
phenomenological parametrization, Eq. (16 1. 



momentum distributions, the same formalism yields 



1 1 

(27r)2 2r+l Jo 



l-\Sn{hn)Y 



E/ 



d^pexp (-ik^.p) Sc [he] ipim (r) 

(20) 



where is the perpendicular component of kc. 

The total stripping cross section can be obtained by 
integrating either Eq. (17) or Eq. (20 1. One obtains 



X / \Sc{bc)n^Plmiv)\' 



(21) 



The total diffraction dissociation cross section is given 



FIG. 7: Same as in figure |6j but for the removal of 
the I — neutron bound by 17.06 MeV in the reaction 
«Be(^*Ar,33Ar(l/2+)). 



by 



Sn (bn) Sc (be) l/jl 



E 



(fr^Pi^, (r) Sc {be) 5„(6„)?/'/m (r) 



22) 



To render the calculations practical, for a nucleus- 
nucleus collision with a given impact parameter &, we 
have obtained an effective local density for protons and 
neutrons by taking the point along the impact parameter 
direction where the two densities (one from the projec- 
tile and the other from the target) cross each other. This 
effective density was then used in Eqs. (14), (15), and 



(16) 



In the following we will use a modified version of the 
code MOMDIS 26J which includes the new aspects of 
momentum distributions discussed in this article. As we 
want to make a theoretical study of the medium effects 
of the nucleon-nucleon cross sections, we do not compare 
directly to experiments and we use spectroscopic factors 
(C'^S) equal to the unity. To generate the wavefunctions 
and S-matrices, we use the same parameters as in Refs. 
m and IMl- 
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Reaction 



a Free Pauli Brueckner Pheno. 



^Be("Be,iOBe) 


^ dif 


47.6 


36.9 


45.7 


45.2 




O" str 


151. 


144. 


139. 


149. 




0"tot 


198. 


181. 


185. 


194. 


»Be(i5C,"C) 


^dif 


25.3 


19.9 


21.3 


24.0 




O'str 


99.8 


95.8 


96.5 


98.5 




(7 tot 


125. 


116. 


118. 


123. 


«Be(='^Ar,33Ar(l/2^ 


')) '^di/ 


2.69 


2.63 


2.66 


2.68 




0" str 


11.0 


10.9 


11.0 


11.0 




rytot 


13.6 


13.5 


13.6 


13.6 



TABLE I: Cross sections in mb at 40 MeV/nucleon for nucleon 
knockout of a few selected reactions. 



III. RESULTS AND DISCUSSION 

There are marked differences between the parametriza- 
tion of the Brueckner (151, the geometrical Pauh blocking 
(14) and the phenomenological one (16). An example is 



given in figure [2] where the several parametrizations of 
proton-neutron cross sections are shown as a function of 
the laboratory energy. The solid line is the parametrizar- 
ion of the free CTp„ cross section given by Eq. ([2]). The 
other curves include medium effects for symmetric nu- 
clear matter for p = po/i, where po = 0.17 fm~'^. The 
dashed curve includes the geometrical effects of Pauli 
blocking, as described by Eq. (14). The dashed-dotted 
curve is the result of the Brueckner theory, Eq. ( 15 ), and 



the dotted curve is the phenomenological parametriza- 
tion, Eq. (16). The large deviation of the parametriza- 



tion of the Brueckner results at large energies is not phys- 
ical because Eq. ( 15 ) is only a good parametrization 



of the Brueckner theory in the energy range of 50-300 
[l3l [T4] . At energies above 300 MeV inelastic channels 
have to be incorporated. However, the other differences 
are real, especially those at lower energies. Pauli-blocking 
effectively reduces the in-medium np cross section. This 
is not so apparent in the phenomenological parametriza- 
tion. 

The observations above cannot be extended to the pp 
cross sections, which are shown in figure [3j Here we see 
that the Pauli-blocking correction decreases the cross sec- 
tion much more than in the other cases. Some impor- 
tant differences are also clearly visible at larger energies, 
E > 100 MeV/nucleon. 

Figure |4] shows the proton-neutron cross sections as 
a function of the nuclear matter density (in units of 
Po = 0.17 fm~^), for a proton laboratory energy of 
Eiab — 100 MeV. The solid line is the parametrizarion 
of the free (Tp„ cross section given by Eq. ([2|. The 
other curves include medium effects for symmetric nu- 
clear matter. The dashed curve includes the geometrical 
effects of Pauli blocking, as described by Eq. ( 14 ) . The 



dashed-dotted curve is the result of the Brueckner theory, 
Eq. (15), and the dotted curve is the phenomenological 
parametrization, Eq. (16). Figure [5] shows the same as 



in figure |4j but for proton-proton collisions. One notices 
that the nucleon-nucleon cross sections differ appreciably 
at large densities but they become close to the free cross 
sections at low densities. 

To test the infiuence of the medium effects in nu- 
cleon knockout reactions, we consider the removal of the 
I = halo neutron of ^^C, bound by 1.218 MeV, and 
the I — neutron knockout from "^"^Ar, bound by 17.06 
MeV. The reactions studied here are the ^Be(i5C,"Cg^) 
and '^Be(^'*Ar,^3Ar(l/2+)). The total cross sections as 
a function of the bombarding energy are shown in fig- 
ures |6] and The solid curve is obtained with the use 
of free nucleon-nucleon cross sections. The dashed curve 
includes the geometrical effects of Pauli blocking, as de- 
scribed by Eq. (14). The dashed-dotted curve is the 



result using the Brueckner theory, Eq. ( 15 ), and the dot- 
ted curve is the phenomenological parametrization, Eq. 
([16]). 

The medium effects due to different treatments are 
more visible for the ^Be(^^C,^^Cgi) reaction. For 
3Be(34Ar,33Ar(l/2+)) the differences are almost not vis- 
ible, as shown in figure [7] The same happens for the 
I = 2 neutron removal reaction leading to a final 3/2+ 
level bound by 18.42 MeV. A similar behavior as for 
the ^Be(^^C,^''Cgs) reaction is found for the removal of 
the halo neutron in the nucleon knockout ^Be("'^^Be,^''Be) 
bound by 0.504 MeV. It is thus apparent that the correc- 
tions due to the medium effects are more evident for the 
knockout out from loosely bound states. Knockout reac- 
tions are also more sensitive to in-medium corrections of 
the nucleon-nucleon cross sections than the total reaction 
cross sections, as first pointed out in [TTj . 

Intable|T] we show our results for the stripping, diffrac- 
tion dissociation and total nucleon cross section (in mb) 
for the knockout reactions ^Be{^^Be,^°Be), ^Be{^^C,^^C), 
and ^Be(^'*Ar,3^Ar) at 40 MeV/nucleon. For the reac- 
tion ^Bc(34Ar,33Ar(3/2+)) the values are cjdrs = 2.36 
mb, ffstr = 9-16 mb and atot = 11-5 mb and have the 
same value, within 1%, for calculations using all of the 
NN cross section parametrizations, either Eq. (ITpl), or 



(14), (15) or (16) 



In tabic |TT] we show the same as in table U but 
for Eiab = 250 McV/nucleon. For the reaction 
9Be(34Ar,33Ar(3/2+)) the values are ad^s = 0.691 mb, 
Cstr = 8.62 mb and atot = 9.32 mb and have the same 
value, and as in table |lj these values differ by less than 
1%, for all NN cross section parametrizations used in the 
calculations. 

In figure [8] we plot the longitudinal momentum 
distributions for the reaction ^Be(^^Be,^'^Be), at 250 



MeV/nucleon. The calculations are done using Eq. (17). 
The diffraction dissociation cross sections have been cal- 
culated using the same profile of the momentum distri- 
bution due to stripping, but with the total cross sec- 
tion normalized to Eq. ( p2| . The different contributions 
(stripping and diffraction dissociation) to this reaction 
are given in table [TTj In figure [8] the dashed curve is the 
cross section calculated using the NN cross section from 
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Reaction 


a 


Free 


Pauli Brueckner Pheno. 


3Be(i^Be,i°Be) 




11.0 


10.3 


8.64 


10.0 




Cstr 


74.4 


73.0 


66.0 


71.7 




Otot 


85.8 


83.1 


75.0 


81.7 


SBe(i5c,"C) 




5.14 


4.78 


3.90 


4.63 




<^atT 


53.4 


52.3 


48.2 


51.8 




Otot 


58.5 


57.1 


52.1 


56.4 


9Be(3*Ar,33Ar(l/2+)) 


Od%S 


0.801 


0.785 


0.749 


0.778 




Catr 


9.62 


9.55 


9.47 


9.55 






10.5 


10.4 


10.2 


10.4 



0.06 



TABLE II: Cross sections in mb at 250 MeV/nucleon for nu- 
cleon knockout of a few selected reactions. 



1 ' 1 ' 1 ' 1 

250 MeV/nucleon 
9Be("BerBe) 

Free 

Brueckner 




-40 40 80 

(MeV/c) 



FIG. 8: Longitudinal momentum distribution for the residue 
in the ^Be("Be,^°Be), reaction at 250 MeV/nucleon. The 
dashed curve is the cross section calculated using the NN 
cross section from the Brueckner theory, Eq. ( |15[) a nd the 
solid curve is obtained the free cross section, Eq.Tl6| . 



250 MeV/nucleon 
Be(iiBe,ioBe) 



Free 

Brueckner 




20 40 
p, (MeV/c) 



60 



FIG. 9: Same as in figurejs] but for the transverse momentum 
distribution. 



As with figure |8) the dashed curve in figure [9] is the cross 
section calculated using the NN cross section from the 
Brueckner theory, Eq. (15), and the solid curve is ob- 
tained the free cross section, Eq. (16). The changes on 



the profile of the momentum distribution are again vis- 
ible, what is again ascribed to the difference of about 
10% between the total cross sections. The form of the 
momentum distributions are the same if the two curves 
are scaled to have the same area. 

These results clearly show that the effects of nucleon- 
nucleon scattering in the medium on knockout reactions 
are worth considering, specially for reactions involving 
loosely-bound halo nuclei. It is not clear however which 
of the several parametrizations of medium effects is more 
adequate for the precision required by experiments. 



the Brueckner theory, Eq. ( 15 ) and the solid curve is ob- 
tained the free cross section, Eq. (161). One sees that the 



momentum distributions are reduced by 10%, about the 
same as the total cross sections, but the shape remains 
basically unaltered. If one rescales the dashed curve to 
match the solid one, the differences in the width are not 
visible. We do not show the momentum distributions us- 
ing the other two (Pauli and phenomenological) NN cross 
sections as their shapes are the same as for the Brueckner 
case and only the area below the curve (total knockout 
cross section) changes. 

In figure |9] we plot the transverse momentum dis- 
tributions for the reaction ^Be(^^Be,^°Be), at 250 



MeV/nucleon. The calculations are done using Eq. (20 1 



IV. SUMMARY 

The present work has extended the theory of one- 
nucleon stripping and diffraction dissociation reactions 
to cover the dependence of the nucleon knockout cross 
sections and momentum distributions on the medium 
modifications of the nucleon-nucleon cross sections. We 
included the most commonly used parametrizations in 
the literature and compared the effects of Pauli blocking 
from a simple geometrical picture to a more elaborated 
Dirac-Brueckner calculation, as well as phenomenologi- 
cal parametrizations. We have shown that the density 
dependences vary rather strongly from model to model 
for reasons which are not yet clear. 
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We have also shown that the nucleon knockout reac- 
tions involving halo nuclei are more sensitive to medium 
modifications of the NN cross section than in the case 
of the removal of more bound nucleons. The changes 
amount to 10% in some cases, especially at lower en- 
ergies. But due to the average of the nucleon-nucleon 
cross sections over the local densities, the changes are 
not always predictable at higher energies. The stripping 
and diffraction dissociation cross sections decrease and 
increase in the same way whenever the NN cross sections 
decrease or increase from one parametrization to another. 

The momentum distributions, are not appreciably dif- 
ferent, except for their absolute normalization, when the 
nucleon-nucleon cross sections change with medium mod- 
ifications. This has been verified for both longitudinal 
and transverse momentum distributions. 

The simple study of the density-dependent NN cross- 
section adopted in this work shows that the calcula- 
tions are sometimes sensitive to the value of the density- 
dependence method under consideration. Besides Pauli- 
blocking and medium changes in the NN cross section, 
Fermi-motion should probably play an important role in 
the nucleon knockout reactions and is worth further in- 
vestigation. 

No attempt has been done to compare to experimental 
results, which would probably affect the extracted values 
of the spectroscopic strengths in reactions with rare iso- 
topes. This certainly deserves further theoretical studies. 

It is also worth mentioning that the magnitude of the 
corrections observed in this work, of about 10% for the 
total cross sections are based on the optical limit (OL) of 
the Glauber multiple scattering theory. The optical limit 
means that only single binary NN collisions are included. 



In the present work correlations within the projectile and 
target wave functions have been neglected. These have 
been studied, e.g. in Ref. [5S], or more recently in Ref. 
[7]. In these references, the influence of these correla- 
tions on the calculations has been studied, and found to 
be also of the order of 10%. This is of the same order 
of magnitude as the corrections observed in the present 
work. It is not clear if these two unrelated corrections 
will add up to a larger correction of the knockout cross 
sections, which could in fact modify appreciably the spec- 
troscopic factors published in the literature where such 
corrections where not included. This also qualifies for 
further investigation. 

It is worthwhile mentioning that medium modifications 
of nucleon-nucleon scattering have also been studied in 
several publications related to (p,2p) reactions (see, e.g. 
Refs [2^31) ). The medium effects were shown to play 
an important role on the total cross sections and on the 
spin observables. 
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